We propose in this article that if the chemical potential exceeds a critical value in dense hadronic medium, a first-order phase transition to a new matter state with Lorentz symmetry spontaneously broken (in addition to the explicit breaking) takes place. As a consequence, light vector mesons get excited as "almost" Goldstone bosons. Since the light vector mesons dominantly couple to photons, the presence of these new vector mesons could lead to an enhancement in the dilepton production from dense medium at an invariant mass lower than the free-space vector-meson mass. We provide a low-energy quark model from which it becomes clear that the above scenario is a generic case for quark theories with a strong interaction in the vector channel. We discuss possible relevance of this phase to the phenomenon of the enhanced dilepton production at low invariant masses in relativistic heavy-ion collisions.
Introduction
Recently, the CERES and HELIOS collaborations reported the exciting observation [1, 2] that the lepton pair production is enhanced in S-Au collisions in the invariant mass range of 300 . . . 600 MeV compared with the collisions p-Be and pAu. This observation provides an important clue as to what happens to hadronic matter when it is compressed to a high density. Unlike the case of temperature, lattice calculations are not yet in a position to provide information on the effect of density on QCD vacuum and hence practically nothing is understood of densitydriven QCD phase transitions. Random matrix studies show indeed that the effect of density can be exceedingly subtle from the point of view of QCD [3] . In the paucity of any first-principle guidance, there is a wide range of theoretical ideas to explore. It will ultimately be up to experiments to weed out wrong ideas and to guide us towards a viable scenario.
From a detailed study of the collisions with the help of covariant transport equations, it became clear that the dilepton yield of the collisions p-A in the above mass range can be well understood by resorting only to the decays of the η, ρ, ω and φ-mesons [4] . The fact that a large pion density is produced by the collision and the experimental observation that the dilepton enhancement sets in at roughly twice the pion mass have led to the conjecture that the enhancement is due to π + π − -annihilation processes [1] . The quantitative analysis, however, showed that the experimental data cannot be explained using "free" meson masses and form factors [4, 6] . A change of the state of matter or at least a change of the meson properties in medium seem to be required. Several proposals [5, 6, 7, 8, 9, 10] have been made, most of which focusing on the role of the ρ vector meson. This meson is of particular importance for the dilepton enhancement effect, since it directly couples to the photons. The coupling of the ρ-meson to two pion states and the change of the pion propagation in medium generically results in a broadening of the ρ-meson peak [6, 7] . The observed increase in the dilepton production rate is compatible within the error bars of the present data. On the other hand, QCD sum rules [8] predict a decreasing ρ-meson mass for increasing matter density. Whereas the sum rule approach is restricted to small densities, a decrease of the ρ-mass as function of the matter density should hold due to the onset of the chiral phase transition [9] . These considerations supplemented with further support from the results from effective chiral theories can be summarized in the scaling in medium of the hadron "quasi-particle" masses known as BR-scaling [10] . Including a ρ-meson mass shift to smaller values in the calculation of the relativistic transport theory, a good agreement of the theoretical predictions with the observed dilepton spectra in the S-Au collision is achieved [11] . These two approaches, one based on many-body correlations starting from strongly coupled hadrons whose properties are defined in matter-free space [6, 7] (with broadening widths) and the other based on the notion of both bosonic and fermionic quasi-particles with parameters defined in a medium background field [11] , somewhat contradictory to each other though they may appear to be, are probably related to each other when applied to the dilepton phenomena in question. Whether or not the two ways of looking at dense matter can be mapped to each other for other physical observables is not clear.
In this letter, based on a rather generic argument, we propose a novel state of hadronic matter which is unstable in the (zero-density) vacuum, but which forms the state with the lowest energy density, if matter is present. In addition to the explicit breaking of Lorentz invariance due to a finite baryonic density, Lorentz symmetry is also spontaneously broken in this new matter state. This provides a mechanism for exciting low-mass vector mesons as "almost" Goldstone bosons. We will discuss the properties of such vector mesons in some detail. Since our considerations are based solely on the realization of symmetries, our results are model-independent. This model-independent argument will be given a support by an effective low-energy quark model which will illustrate that the new matter state is generically present in theories with vector-type quark interactions as it is the case for QCD.
Induced Spontaneous Symmetry Breaking
In matter-free space, the QCD vacuum is characterized by a non-vanishing value of the quark condensate and zero baryonic density, i.e.
The non-zero condensate implies that chiral symmetry of QCD is spontaneously broken (apart from a small explicit breaking through current quark masses). This particular realization of chiral symmetry allows the interpretation of the light pseudoscalar mesons as Goldstone bosons [12] and provides a model-independent explanation of the particular role of the pion in the meson mass spectrum.
The key observation in this letter is that there is a second state which is not realized in the vacuum but appears as a meta-stable state having a higher energy density than the vacuum. This additional state is characterized by a vanishing (scalar) quark condensate, and a vanishing baryon density (represented in terms of quark fields) qγ 0 q . The state is characterized by
and the symmetry is in a Kosterlitz-Thouless type of realization [14] .
Our crucial point is that when a small explicit breaking of Lorentz symmetry is introduced via the chemical potential, two important things happen. First, at certain chemical potential µ c , the state (II) becomes energetically favored and a phase transition takes place from the state (V) to the state (II). Second, the presence of matter selects a particular Lorentz frame, since it favors the zero component of the vector current. The matter state with the lowest energy density is then described by= 0,
In addition to the contribution due to the chemical potential, the baryonic density acquires a large contribution from the dynamics of the theory. Since the chemical potential µ must exceed a critical value µ c to generate this dynamical contribution, we shall refer to this scenario as induced spontaneous symmetry breaking (ISSB).
One might object at this point that the ISSB scenario is inconsistent with the VafaWitten theorem [15] , which states that vector symmetries cannot be spontaneously broken in QCD.
In fact, what the theorem is telling us is that the correlation function in the vector channel has, for a given gluon configuration, an upper bound provided by an exponentially decreasing function of distance. Since the QCD weight as employed by averaging over all gluon configurations is positive, the full correlation function has the same upper bound. This would rule out a massless vector state. In our case, the state (M) becomes the ground state for µ > µ c , with the vector particle becoming light, but not massless due to the additional explicit breaking of Lorentz symmetry. Therefore the correlation function will be decreasing with an exponential slope. Thus the ISSB scenario does not contradict the Vafa-Witten theorem 1 .
Let us discuss the consequences of the ISSB scenario. Assume that the matter phase is realized in the state (M) and that the small explicit breaking via the chemical potential can be taken into account perturbatively. Due to the presence of the condensate qγ 0 q , the Lorentz boost transformation, Λ
is spontaneously broken. What is the corresponding Goldstone boson? In order to answer this question, we resort to standard techniques which were developed in the context of the spontaneous breakdown of chiral symmetry [16] . For this purpose, first note that the quark propagator of the state (M) satisfying the Dyson-Schwinger equation possesses the general structure
In the low-energy regime (where the momentum transfer k is much smaller than the typical gluonic energy scale), one expects that the quark theory can be approximated by a Nambu-Jona-Lasinio type effective model in which case the momentum and energy dependence of the functions Z and V 0 in (5) can be neglected [17] . For simplicity, we will make this assumption in the following. Furthermore note that the transformed propagator, i.e.
S(Λ)s(k
also satisfies the Dyson-Schwinger equation, since the latter equation is manifestly Lorentz covariant for µ = 0. Considering infinitesimal Lorentz boost transformations induced by ω 0i , one concludes that the vertex function
satisfies a Bethe-Salpeter equation with zero mass. The important finding is that, at least at sufficiently small energies, the corresponding particle is of pure vector type. The emergence of the light vector particle is a consequence of the spontaneous breaking of the Lorentz group down to the non-relativistic rotational group SO (3) and is analogous to the emergence of scalar Goldstone bosons for a spontaneously broken internal symmetry group. Since in the present case the broken symmetry is a space-time symmetry, the corresponding massless particles are (non-relativistic) vector particles carrying spin one (for more details see section 4).
If one wants to relax the restriction to the low-energy regime, one might resort to the full vertex function, which is provided by the Noether charge density generated by the Lorentz boost (4), i.e.
where T µν is the energy-momentum tensor written in terms of quark fields. Here, the first term represents the "orbital" part while the second term gives rise to the "spin" part of the vertex function.
The state (M) in (3) exists only for finite values of the chemical potential µ, which explicitly breaks Lorentz invariance. This explicit breaking has the consequences that the vertex function P V in (7) acquires additional parts and that the Goldstone vector particle gets a small mass. For this purpose, we use the variational approach of [18] , which is a kind of relativistic RPA approach -and a convenient one if the light mesons are treated as Goldstone bosons. As a trial state for the variational approach, we allow the vertex function P V to gain additional vector parts at finite values of µ . The vector field operator is chosen in terms of the quark operators
where κ L/V are variational constants. Using the techniques of [18] , it is straightforward to relate the mass of the vector Goldstone boson m V to the explicit breaking via the chemical potential µ. We find
where f V is a decay constant defined by
Here |V(p) denotes the state of the Goldstone vector with four momentum p, and |Ω is the matter ground state. Equation (10) is nothing but the analog of the Gell-Mann-Oakes-Renner relation [19] in our case. The decay constant f V describes the decay of the Goldstone vector into photons. Since the electro-magnetic U(1) gauge invariance is broken by the presence of matter, the coupling of quarks and photons is non-minimal, but acquires additional pieces proportional to the angular momentum density (see eq. (8)).
In order to get an idea of the order of magnitude of the parameters involved, we assume that the phase transition of the vacuum (1) 2 of the constituent quark model. Combining these rough estimates, we find m V f V ∼ (260 MeV) 2 from (10). If the mass of the "almost" Goldstone vectors is small, the resonance will be broad, since the coupling to the photons f V becomes large.
Model Calculation
The results of the previous section are model-independent, relying solely on a specific phase structure of the field theory. In this section, we illustrate with the help of a simple model that the particular phase structure required by the ISSB scenario is actually a generic case for effective quark models with a strong vector-current interaction.
For this purpose, we study an effective NJL type quark model [12] defined at finite chemical potential µ, by the generating functional for Euclidean Green's functions (see e.g. [13] ) 
where N is the number of colors (the color index of the quark fields is not shown) and m is the current quark mass. For simplicity we consider the case of one lightquark flavor. Generalizations to the iso-spin I = 1/2 will be discussed in the next section. Integrating out the meson fields generates the usual Nambu-Jona-Lasinio quark contact interactions [13] with strengths 1/g s and 1/g v , respectively, in the scalar and vector channel. The model (12) is designed as a low-energy effective quark theory, with the quark loop momenta cut off at an energy scale Λ [17] . The magnitude of the cut-off Λ is of the order of the gluonic energy scale. In the chiral limit m → 0, the Lagrangian L, (13), is invariant under chiral transformations. If the scalar field acquires a non-vanishing vacuum expectation, i.e. σ = 0, the chiral symmetry is spontaneously broken (SSB). The beautiful concept of the spontaneous breakdown of chiral symmetry allows to interpret the light pseudo-scalar mesons as Goldstone bosons, and hence provides a natural and model-independent explanation of the particular role of the pions in the meson mass spectrum.
We will now show that the simple model (12) exhibits a vacuum phase (µ = 0) where chiral symmetry is spontaneously broken (SSB) and a µ-induced transition to a phase where the (scalar) quark condensate vanishes and a spontaneous break-down of Lorentz symmetry occurs (ISSB). The convenient quantity with which to illustrate this mechanism is the effective potential as function of the scalar and vector fields, i.e. U(σ, V µ ). The effective action is defined by a Legendre transform of the generating functional Z[s, j µ ] with respect to the external sources s(x) and j µ (x), respectively. We then obtain the potential U(σ, V µ ) from the effective action by confining ourselves to constant classical fields. To leading order in the large N expansion, it is sufficient to evaluate the functional integral (12) in a meanfield (stationary phase) approximation, since fluctuations around the mean-fields are suppressed by a factor 1/N. A straightforward calculation yields
where
Due to Lorentz invariance, the effective potential U depends only on the Lorentz-invariant field combination ζ 2 := V µ V µ in the case µ = 0. Minima of the effective potential serve as possible candidates for the ground state. The global minimum, i.e. the state with the lowest vacuum energy density, represents the vacuum. The left-hand picture of figure 1 shows the effective potential U for g s = g v = 8π
2 /Λ 2 . At zero chemical potential, the global minimum of U is located at (V ) in figure 1. The corresponding vacuum properties are precisely characterized by (1) . Chiral symmetry is spontaneously broken. In addition, the effective potential possesses a local minimum (as indicated by (II) in figure 1 ). This minimum corresponds to a meta-stable state with the properties (2).
The picture changes drastically, if the chemical potential is increased. If the chemical potential exceeds a critical strength µ c , the global minimum flips from the state (V) to the state (II). Since the chemical potential favors the zeroth component of the Lorentz-invariant combination V µ V µ , the ground state in matter will be characterized by (3) . This means that in addition to a small explicit breaking, the Lorentz symmetry is spontaneously broken. Thus the model (12) exhibits the ISSB-mechanism discussed above. Finally, let us mention that a phase structure similar to the one of our toy model has been also found in phenomenologically successful effective nucleon-meson theories [20] . An analogous phenomenon occurs in the random-matrix study of the QCD phase transition in the presence of chemical potential [3] .
The Particle Spectrum of the ISSB Scenario
The toy model considered above with one flavor of quarks gives "almost" Goldstone vectors of the ω meson quantum number. To be realistic, we need at least two light flavors. Let us consider this case. For vanishing current mass and chemical potential, the quark sector exhibits chiral symmetry, i.e.
and Lorentz invariance. In particular, the SU A (2) transformations relate scalar particles with pseudo-scalar particles, and transform vector current into axial-vector currents. The vacuum state is characterized by a spontaneous breakdown of the axial part of (15) . According to Goldstone's theorem, each generator of the spontaneously broken symmetry gives rise to a massless particle. In the case of QCD, the isotriplet pions can be identified with the Goldstone bosons. Note, however, that the iso-triplet pions are not massless, but possess a mass which is small compared with the hadronic energy scale, since the chiral symmetry is also explicitly broken by small current masses.
In the case of the ISSB scenario, the light particle content of the spectrum changes drastically. The crucial fact is the occurrence of the condensate (that is, in Minkowski space)
where the unit operator in (16) indicates that the condensate is iso-scalar. Lorentz symmetry is spontaneously broken over and above the explicit breaking via the chemical potential. It should be noted that the spontaneous breaking of Lorentz symmetry implies also a spontaneous breaking of chiral symmetry. This is because chiral transformations are defined in the spinor representation of the Lorentz group, i.e. q → exp{iαγ 5 }q. Chiral symmetry is again broken even though the scalar quark condensate is zero giving rise to a triplet of Goldstone bosons which turn out not to be the familiar pions. They will be specified below.
The connection between Lorentz symmetry and chiral symmetry can be most easily seen by going to Euclidean space where the Lorentz group becomes the SO(4) group, which is equivalent to SU(2)×SU(2). Expanding the anti-symmetric matrices ω µν of the (Euclidean) Lorentz transformation (4) 
the generators of Lorentz transformations can be written as
In the direct product representation of the γ-matrices [22] , one finds [23] 
The matrices P R/L are the right and left handed projectors and σ k are the familiar Pauli spin matrices. With (20) the Euclidean Lorentz transformation (18) has precisely the form of a chiral transformation with the isospin (or in general flavor) matrices replaced by the spin matrices. Defining θ
This representation of the Euclidean Lorentz group corresponds to the coset decomposition
It is the coset symmetry SU L (2) × SU R (2)/SU V (2) which is spontaneously broken in the state (M) (3) . Using the analogy between the Lorentz transformations (21) and a chiral transformation, it becomes clear that in the same way as the Goldstone bosons of spontaneous broken chiral symmetry carry isospin, the massless particles of spontaneously broken Lorentz symmetry carry spin and are hence vector particles. They are given by the spatial components of iso-scalar vectors ω i :=q γ i 1 q.
Since in the present case, the vacuum state is not a Lorentz scalar (though a nonrelativistic scalar) the massless particles arising from the spontaneous breaking of chiral symmetry are not the usual pseudo-scalar pions π a =qγ 5 τ a q, but rather the time component of the axial-vector field A a 0 =q γ 0 γ 5 τ a q. On the other hand, the iso-triplet pions are no longer protected by chiral symmetry and hence they will have a mass comparable to those of the vector mesons in the vacuum. Note, however, that due to the familiar pseudo-scalar axial-vector mixing, the pions can mix with the light particles A a 0 . At the level of an effective Lagrangian, this mixing would be described by a term
We therefore would expect a pion mass in the range of several hundred MeVs.
The iso-triplet ρ-mesons with a reduced mass in matter play a central role for the explanation of the dilepton enhancement in the CERES and HELIOS experiments in the approach of [11] . It is therefore interesting to look at the properties of the ρ-mesons in the ISSB scenario. First note that in the vacuum the ω-meson is heavier than the ρ-meson and that the overlap of the ρ-meson and ω-meson wavefunctions is non-zero [24] . At some large density, a light ω-meson appears as an "almost" Goldstone boson. As density decreases from the critical density as the system expands, it can happen that the levels cross with the ω and ρ becoming degenerate at the crossing point. In this case, the ρω-mixing will become 50% independently of the strength of the overlap matrix elements.
Discussions and Conclusions
We have shown that a meta-stable state with the properties (2) exists at vanishing chemical potential, if the effective low-energy quark interaction in the vector channel is attractive and strong enough. Using a simple Nambu-Jona-Lasinio-type quark model, we argued that this situation is generic for a wide range of parameter choices. We have suggested that the presence of this meta-stable state has important consequences at finite baryon density. If the chemical potential exceeds a critical value, a first-order phase transition from the vacuum phase to the former meta-stable state can take place. The scalar quark condensate vanishes, but chiral symmetry remains broken with the pattern of the spontaneous breakdown drastically modified. In this phase, pions are no longer Goldstone bosons. Lorentz symmetry is spontaneously broken (over and above the explicit breaking via the chemical potential). In this new state of matter (state (M)), light iso-scalar vector particles and light (zero component) iso-triplet axial vector particles are excited. The latter can mix with the pions with the mixing strength controlled by the baryon density. We expect the masses of the pions in the range of several hundred MeVs. The light iso-scalar vector particles will dominantly couple to photons.
What are possible implications of this new state of matter in heavy-ion collisions? Since the phase transition from the vacuum state to the new matter state is first order, the matter state (M) will appear in bubbles in the standard matter phase where the mesons experience a small change of the vacuum properties. The experimental observation could be a superposition of the results of the standard "hadronic cocktail" and of the ISSB scenario. The quantitative outcome will depend on how much of the bubbles are nucleated. It is obvious that the contribution of the new matter state to the observables will be more pronounced in Pb-Au than in p-Au collisions. It would be interesting to see whether this scenario has any role in the dilepton enhancement actually observed in the CERES and HELIOS experiments.
